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ABSTRACT
We present predictions for the line-of-sight velocity dispersion profiles of dwarf
spheroidal galaxies and compare them to observations in the case of the Fornax and
Draco dwarfs. The predictions are made in the framework of standard dynamical the-
ory of two-component (stars and dark matter) spherical systems with different velocity
distributions. The stars are assumed to be distributed according to Se´rsic laws with pa-
rameters fitted to observations. We discuss different dark matter density distributions,
both cuspy and possessing flat density cores. For isotropic models the dark haloes with
cores are found to fit the data better than those with cusps. Anisotropic models are
studied by fitting two parameters, dark mass and velocity anisotropy, to the data. We
find that the steeper the cusp of the profile, the more tangential is the velocity dis-
tribution required to fit the data, in agreement with the well-known degeneracy of
density profile versus velocity anisotropy. However, only the profiles with cores yield
good fits with anisotropy parameter close to the most natural, isotropic value. The re-
sults support the evidence based on studies of rotation curves of spiral galaxies which
also favours density profiles with cores over those with cusps. We also show that with
present quality of the data the alternative explanation of velocity dispersions in terms
of Modified Newtonian Dynamics cannot yet be ruled out.
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1 INTRODUCTION
Dark matter is now generally believed to be the dominat-
ing component of the matter content of the Universe which
has played an important role in the formation of struc-
ture. Significant effort has gone into establishing its prop-
erties and mechanisms of evolution. The theoretical results
which got most attention in the recent years concerned the
shape of density profiles of dark matter haloes. Those were
mainly obtained by the means of N -body simulations with
the most popular being the so-called universal profile advo-
cated by Navarro, Frenk and White (1997, hereafter NFW).
NFW found (and others confirmed) that in a large range
of masses the density profiles of cold dark matter haloes
forming in various cosmologies can be fitted with a simple
formula with only one fitting parameter. This density pro-
file steepens from r−1 near the centre of the halo to r−3 at
large distances. More recent simulations with higher resolu-
tion produce even steeper density profiles, with inner slopes
r−3/2 (Fukushige & Makino 1997; Moore et al. 1998; see also
Jing & Suto 2000).
Analytical calculations also predict density profiles with
steep inner cusps. The NFW profile is claimed to be repro-
duced in studies taking into account the merging mecha-
nism (Lacey & Cole 1993) in the halo formation scenario
(NFW, Avila-Reese, Firmani & Hernandez 1998). On the
other hand, using an extension of the spherical infall model
 Lokas (2000) and  Lokas & Hoffman (2000) have shown that
if only radial motions are allowed the inner profiles have to
be steeper than r−2 (in agreement with considerations based
on distribution functions, see Richstone & Tremaine 1984).
Although addition of angular momentum is known to make
profiles shallower (White & Zaritsky 1992; Hiotelis 2001),
its origin is not yet clear enough to make exact predictions.
The expected steep inner profiles are now being tested
by comparison with observations of density profiles of galax-
ies and galaxy clusters. Recent studies of clusters (e.g. van
der Marel et al. 2000) claim good agreement between clus-
ter observations and the NFW mass density profile. In the
case of galaxies, however, the situation is more troubling.
Flores & Primack (1994) were the first to indicate that the
NFW profile is incompatible with the rotation curves of spi-
ral galaxies. More and more evidence is being presented now,
which shows that spiral galaxies possess a dark matter core
rather than a cusp in the inner parts (Burkert 1995; Salucci
& Burkert 2000; Borriello & Salucci 2001). The evidence is
especially convincing in the case of LSB galaxies which are
supposed to be dominated by dark matter (de Blok et al.
2001; de Blok, McGaugh & Rubin 2001). Some mechanisms
to explain the formation of such core have also been pro-
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posed (Hannestad 1999; Kaplinghat, Knox & Turner 2000;
El-Zant, Shlosman & Hoffman 2001; Ravindranath, Ho &
Filippenko 2001).
Dwarf spheroidal (dSph) galaxies provide a unique test-
ing tool for the presence and distribution of dark matter
because due to their large velocity dispersions they are be-
lieved to be dominated by this component (for a review see
Mateo 1997). Measurements of central velocity dispersion
allowed many authors to estimate mass-to-light ratios in
dwarfs and find it to be much larger than stellar values (see
Mateo 1998 and references therein). These calculations were
made with the simplifying assumption of isotropic velocity
distribution. With the measured velocity dispersion profiles
becoming available now, this assumption can in fact be re-
laxed and much more information can be extracted from the
data. However, as in all pressure supported systems, when
trying to model the velocity dispersion dependence on dis-
tance we are faced with the well-known degeneracy of den-
sity profile versus velocity anisotropy (Binney & Tremaine
1987).
The purpose of this work is to explore models for veloc-
ity dispersion profiles based on different dark matter density
distributions and different assumptions concerning velocity
anisotropy. We extend here the earlier work ( Lokas 2001),
which discussed only NFW profile, (see also Wilkinson et
al. 2001; Kleyna et al. 2001a) by considering both cuspy
profiles and those possessing flat cores, in order to decide
which of them (and under what conditions) are favoured by
observational data in the case of dSph galaxies.
The paper is organized as follows. In Section 2 we briefly
describe the method of calculation of the line-of-sight veloc-
ity dispersion profile in models with different density profiles
and velocity anisotropy. Section 3 describes the assumptions
about the matter content of dSph galaxies. Results for the
Fornax and Draco dwarfs for both isotropic and anisotropic
velocity distribution are given in Section 4. The discussion
follows in Section 5, where we also include comments on pos-
sible alternative explanation of velocity dispersions in terms
of Modified Newtonian Dynamics (MOND).
2 VELOCITY DISPERSION PROFILE
The radial velocity dispersion σr(r) of stars can be obtained






νσ2r = νg, (1)
where ν(r) is a 3D density of stars, g(r) is the gravi-
tational acceleration associated with the potential Φ(r),
g = −dΦ/dr, and β = 1 − σ2θ(r)/σ2r (r) is a measure of the
anisotropy in the velocity distribution.
In the absence of direct measurements of velocity
anisotropy in dSph galaxies we have to consider different
values of β with the fiducial anisotropy model given by that
of isotropic orbits: σθ(r) = σr(r) and β = 0. This case is
not only the simplest to analyze but is also supported by
the results of N -body simulations of dark matter haloes and
observations of elliptical galaxies. For dark matter haloes
Thomas et al. (1998) find that, in a variety of cosmological
models, the ratio σθ/σr is not far from unity and decreases
slowly with distance from the centre to reach ' 0.8 at the
virial radius. Observations of elliptical galaxies are also con-
sistent with the orbits being isotropic near the centre and
somewhat radially anisotropic farther away, although cases
with tangential anisotropy are also observed (Gerhard et al.
2001).
Traditionally, β has been modelled in a way proposed by
Osipkov (1979) and Merritt (1985) where βOM = r
2/(r2 +
r2a), with ra being the anisotropy radius determining the
transition from isotropic orbits inside to radial orbits out-
side. This model covers a wide range of possibilities from
isotropy (ra → ∞, β = 0) to radial orbits (ra → 0, β = 1).
Another possibility is that of tangential anisotropy with the
fiducial case of circular orbits when β → −∞. For our pur-
poses here it is most convenient to cover all possibilities from
radial to isotropic and circular orbits with a simple model
of β =const and −∞ < β ≤ 1.
The solution of the Jeans equation (1) with the bound-
ary condition σr → 0 at r →∞ for β=const is





From the observational point of view, an interesting, mea-
surable quantity is the line-of-sight velocity dispersion ob-
tained from the 3D velocity dispersion by integrating along













r2 −R2 dr , (3)
where I(R) is the surface brightness.
Introducing result (2) into equation (3) and inverting
the order of integration the calculations of σlos can be re-
duced to one-dimensional numerical integration of a formula
involving special functions for arbitrary β =const.
3 MATTER CONTENT
We will now discuss different mass distributions contributed
by stars and dark matter to gravitational acceleration g in
equation (1).
3.1 Stars
The distribution of stars is modelled in the same way as in
 Lokas (2001) i.e. by the Se´rsic profile (Se´rsic 1968, see also
Ciotti 1991)
I(R) = I0 exp[−(R/RS)1/m], (4)
where I0 is the central surface brightness and RS is the char-
acteristic projected radius of the Se´rsic profile. The Se´rsic
parameter m may vary in the range 1 ≤ m ≤ 10 (Caon, Ca-
paccioli & D’Onofrio 1993) for different elliptical galaxies,
however for dSph systems m = 1 is usually used, although
is some cases other values of m are found to provide better
fits (e.g. Caldwell 1999).
The 3D luminosity density ν(r) is obtained from I(R)
by deprojection








R2 − r2 . (5)
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In the case of m = 1 we get ν(r,m = 1) =
I0K0(r/RS)/(piRS), where K0(x) is the modified Bessel
function of the second kind. For other values of m in the
range 1/2 ≤ m ≤ 10 an excellent approximation for ν(r) is


















p = 1.0 − 0.6097/m + 0.05463/m2 .
The mass distribution of stars following from (6) is
M∗(r) = ΥLtot
γ[(3− p)m, (r/RS)1/m]
Γ[(3 − p)m] , (7)
where Υ=const is the mass-to-light ratio for stars, Ltot is the




is the incomplete gamma function.
3.2 Dark matter
We explore here different density distributions of dark mat-
ter which can be described by the following general formula
ρ(r) =
ρchar
(r/rs)α (1 + r/rs)3−α
, (8)
where ρchar is a constant characteristic density. As is im-
mediately clear from equation (8), the inner slope of the
profile is r−α while the outer one is always r−3. We choose
the parameter α in the range 0 ≤ α ≤ 3/2, which covers
a wide range of possible inner profiles. The cuspy profiles
of α > 0 are motivated by the results of N -body simula-
tions. The profile with α = 1 corresponds to the so-called
universal profile proposed by NFW (see also  Lokas & Ma-
mon 2001) as a fit to the profiles of simulated haloes, while
the profile with α = 3/2 is identical to the one following
from higher resolution simulations of Moore et al. (1998).
The profile with α = 0, possessing an inner core is favoured
by observations of spiral galaxies (see the Introduction) and
is very similar (but not identical) to the profile proposed by
Burkert (1995).
The scale radius rs introduced in equation (8) marks
the distance from the centre of the object where the slope
of the profile is the average of the inner and outer slope:
r−(3+α)/2. Additional parameter which controls the shape






where rv is the virial radius, i.e. the distance from the centre
of the halo within which the mean density is v ≈ 200 times
the present critical density, ρcrit,0.
We normalize the density profile (8) so that the mass










where F (c) is given by the hypergeometric function
F (x) = 2F1(3− α, 3 − α; 4 − α;−x). (12)






where we introduced s = r/rv.
The concentration of simulated dark matter haloes has
been observed to depend on the virial mass. Using the N -
body results for ΛCDM cosmology of Jing & Suto (2000)
we find that this dependence can be approximated by the
following formulae. In the case of α = 1






while for α = 3/2






where h is the Hubble constant in units of 100 km s−1
Mpc−1. In the following we will use h = 0.7.
Jing & Suto (2000) tested the relation c(Mv) only for
the masses of the order of normal galaxies and clusters so an
extrapolation is needed in order to use them for dwarf galax-
ies. This was the approach used in the previous work ( Lokas
2001). Here, however, similar relation would be needed for
the α = 0 profile and the information provided by obser-
vations is very scarce. Although relations e.g. between the
inner mass and core radius have been found in the case of
Burkert profile (Burkert 1995) and those can be translated
into an c(Mv) relation useful here, the estimates of this kind
have been performed only for a small number of spiral galax-
ies and the errors of the fitted parameters are large (Borriello
& Salucci 2001). We have therefore decided to assume dif-
ferent concentration parameters c = const in the further
analysis. Relations like (14)-(15) can however give an esti-
mate of the order of magnitude of c in the case of cuspy
profiles, i.e. for masses 105M < Mv < 10
14M formula (14)
gives approximately 7 < c(α = 1) < 43 while from (15) we
get 3 < c(α = 3/2) < 42.
4 RESULTS FOR THE FORNAX AND DRACO
DWARFS
4.1 Isotropic orbits
The observational parameters of the Fornax and Draco
dwarfs needed in the following computation were taken from
Irwin & Hatzidimitriou (1995) and are summarized in Ta-
ble 1. The table gives the fitted Se´rsic radius RS assuming
the m = 1 Se´rsic distribution of equation (4), the distance
modulus m −M , the brightness of the galaxies in V-band,
MV, and the total luminosity in V-band, Ltot,V, together
with its error. We adopt the mass-to-light ratio for stars in
this band to be ΥV ≈ 1M/L (Mateo et al. 1991).
In the previous work ( Lokas 2001) it was shown that the
density of stars alone cannot produce the observed velocity
dispersion profiles in the case of Fornax and Draco. In the
following we will explore the hypothesis that the velocity
dispersions are generated by stars moving in the Newtonian
